Anodic TiO 2 nanotubes have been studied extensively for many years. However, the growth kinetics still remains unclear. The systematic study of the current transient under constant anodizing voltage has not been mentioned in the original literature. Here, a derivation and its corresponding theoretical formula are proposed to overcome this challenge. In this paper, the theoretical expressions for the time dependent ionic current and electronic current are derived to explore the anodizing process of Ti. The anodizing current-time curves under different anodizing voltages and different temperatures are experimentally investigated in the anodization of Ti. Furthermore, the quantitative relationship between the thickness of the barrier layer and anodizing time, and the relationships between the ionic/electronic current and temperatures are proposed in this paper. All of the current-transient plots can be fitted consistently by the proposed theoretical expressions. Additionally, it is the first time that the coefficient A of the exponential relationship (ionic current j ion = A exp(BE)) has been determined under various temperatures and voltages. And the results indicate that as temperature and voltage increase, ionic current and electronic current both increase. The temperature has a larger effect on electronic current than ionic current. These results can promote the research of kinetics from a qualitative to quantitative level.
Introduction
Porous anodic alumina and anodic TiO 2 nanotubes (ATNTs) have been widely investigated for decades due to their various applications [1] [2] [3] [4] . Despite many elegant investigations and much deeper interpretation on the self-ordering nanostructures have been reported [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , until now, the driving force for the formation of pores (or nanotubes) still remains unclear [13, 14] , because the mechanism is impossible to be derived by direct in situ experimental methods [15] . The generally accepted mechanism is a field-assisted dissolution (FAD) process (TiO 2 + 6F − + 4H + → [TiF 6 ] 2− + 2H 2 O) for the formation of pores in anodic titania films [9, 14, 16, 17] , which is analogous to that in porous anodic alumina films [18] [19] [20] . In fact, the physical meanings of the terms 'fieldassisted' and 'dissolution current' are always unclear [12, [18] [19] [20] . Diggle and Thompson et al [12, 19] also indicated that the FAD process is chemical in nature and hence does not contribute to the anodizing current, and direct measurement of the field-dependent oxide dissolution rate has been never measured [19] . However, this important fact has been ignored for decades [12] , and the FAD reaction has been cited extensively to explain the growth mechanism of ATNTs. Until 2006, an alternative mechanism was proposed by Garcia-Vergara et al [21] , that is, a field-assisted 'plastic flow' model, where the barrier oxide at the metal/oxide interface is constantly displaced upwards to form the nanotube walls [21] [22] [23] . In fact, they indicated that the 'plastic flow' model was contrary to the expectations of the FAD model [21] , and the driving force for the 'plastic flow' or 'FAD and ejection' still remains controversial [12] [13] [14] [15] [19] [20] [21] [22] [23] [24] .
Generally, anodic oxide films have a low electronic conductivity but a high ionic conductivity [12, 20, 24] . And hence, ionic conduction is the predominant mode of charge transport at high electric field (E) [12] , which may be expressed simply as [9, 12, [25] [26] [27] :
ion where j ion is ionic current density, A and B are temperature dependent constants, and E is the electric field, U is the potential drop across the barrier oxide, l is the thickness of barrier oxide [12, [25] [26] [27] . Albella et al [28] proposed that the anodizing current density within the barrier oxide includes the ionic current density ( j ) ion and electronic current density ( j ) e during the anodizing process. Due to the electron multiplication process with the oxide thickening, the avalanche j e within the oxide will grow exponentially and obey the equations [20, 28] :
e 0
where α is the impact ionization coefficient, l is the oxide thickness, and j 0 is the primary electronic current density [28] . Recently, many researchers pay increasing attention to electronic current and oxygen evolution for pore generation in ATNTs and porous anodic alumina [18, 24, [29] [30] [31] [32] [33] [34] . In summary, there are two approximately quantitative expressions for the ionic current and electronic current during the anodizing process. However, to the best of our knowledge, there has been no quantitative expression for FAD current or ejection current. In fact, the expressions (1) and (2) are only semi-quantitative, and the exact values of A, B and j 0 and their correlations with the anodizing parameters (voltage, temperature, electrolyte concentration, etc) have not been studied in detail. In this paper, a theoretical derivation and two theoretical expressions are originally proposed to overcome these particular challenges. Recently, we proposed an approach to monitor the pore initiation and the formation of nanotubes under a preformed compact surface layer [33] . Based on the anodic oxide characteristics of ionic and electronic conduction, the anion incorporation into the oxide and generation mechanism of electronic current, a novel elaboration for current-time curves during anodizing process of titanium was presented by association with the oxygen bubble mould (OBM) and the flow model [33] . Herein, in order to clarify the growth kinetics of ATNTs, according to the above theoretical expressions of the ionic current and electronic current [12, [25] [26] [27] [28] , based on a number of fundamental research in our previous work [20, [33] [34] [35] [36] [37] [38] [39] , two theoretical expressions for the time-related ionic current and electronic current are derived to deduce the anodizing processes. We pay more attention to the effect of anodizing parameters (temperature and voltage) on ionic current and electronic current. As a result, all the fitted curves deduced theoretically match well with the measured curves. Above all, the unclear growth kinetics of ATNTs was clarified for the first time by the present theoretical expressions. These interesting results give a comprehensive understanding of the kinetics and growth mechanism of ATNTs and other porous anodic oxides [40] [41] [42] .
Experimental details
Commercial titanium foils (100 μm thick, purity 99.9%) were cut into small pieces (2 × 8 cm 2 ). Firstly, in a mixture of HF, HNO 3 and H 2 O (1: 1: 2 in volume) the titanium foils were polished for 10 s and then the samples are rinsed thoroughly by deionized water and dried in the air. Secondly, three groups of verification experiments were conducted. The pretreated Ti foils (with exposed area of 4 cm 2 in the electrolyte) were anodized under different conditions, respectively.
Group 1 (comparing the anodizing processes of porous anodic oxide film (PAOF) and nonporous barrier anodic oxide film (BAOF)): in order to obtain PAOF, the foils of Ti were anodized under a constant voltage of 75 V at 20°C in ethylene glycol solution containing 0.5 wt% NH 4 Figure 1(a) shows that there are only a few circular pores on the surface. And the length of nanotubes is very short, which can be observed in figure 1(c) . While numerous circular pores are on the surface as shown in figure 1(b) , the length of nanotubes is relatively long, which can also be observed in figure 1(d) . These differences are unable to be well explained by the classical theories. Hebert et al [13, 23] indicated that no model had successfully explained the relationships between film morphologies and anodizing parameters (for example, temperature, anodizing voltage and current, etc). For a given anodizing process at a given applied voltage (60 V) under different temperatures (10 or 30°C), the question of which is faster between the oxide growth speed and the dissolution speed remains to be solved, and so does the question of the presence of three types of current (ionic current, dissolution current and electronic current) or two types of current (the ionic current and electronic current) across the growing oxide. To clarify the difference between surface morphology and section morphology in figure 1 is still a challenge.
Theoretical derivation of ionic current and electronic current
It is well known that there are two types of anodic oxide films, nonporous BAOF and PAOF in the anodizations of Al and Ti [9, 12, 42, 43] . According to the classical theories, the growing mechanisms of the BAOF and PAOF are different [12, 42] . Figure 2(a) shows the schematic diagram of the growing mechanism of the BAOF. New barrier oxide is formed on both the electrolyte/oxide (E/O) interface and the oxide/metal (O/M) interface, which is generally acknowledged [9, 12, 42] . But for the PAOF, new oxide is formed only at the O/M interface during the deepening stage of pores, with the 'FAD' and 'field-assisted ejection of Ti 4+ ions' occurring at the E/O interface at the pore bottom [9, 22, 42] . That is, dissolution (TiO 2 → [TiF 6 ] 2− ) of the barrier oxide has been suggested to occur at the bottom of each pore in balance with the oxide growth at the O/M interface to maintain a relatively constant thickness of the barrier layer, with the dissolution of anodic oxide accelerated by the electric field [22] . However, the 'plastic flow' model puts the 'FAD' into question [7, 43, 44] . As an alternative to 'FAD', the barrier layer thickness may be limited by 'plastic flow' or 'fieldassisted flow' of film material from the barrier layer region toward the cell walls [22] . The distortion of the tracer distribution indicated that the pores were created mainly by the plastic flow of material from the pore bases to the pore walls [21] . The 'plastic flow' or 'field-assisted flow' was ascribed to the plasticity of the oxide material under the electric field and the stresses of oxide growth [22] . In fact, the 'plastic flow' model was contrary to the expectations of the 'FAD' model [21, 22, 43] .
In 2008, we introduced a new concept of 'OBM' and put forward a growth model of porous anodic alumina [34] , which emphasized that the columnar pores resulted from the 'plastic flow' of barrier oxide around the OBM at the pore bottom [33] [34] [35] [36] [37] [38] . We have concluded that the oxide growing manner of PAOF was in accordance with that of BAOF as shown in figure 2(b) [20] . In the same electrolyte, both PAOF and BAOF have been demonstrated to be formed and to be transformed under different conditions [39, 45, 46] . We have concluded that the differences between BAOF and PAOF are in the magnitudes of the electronic current and oxygen evolution [20, 33, 36, 39, 46] . In the anodizing process of BAOF, the anodizing current is mainly ionic current, the electronic current and oxygen evolution can be ignored and the OBM and therefore the embryo pore can not be formed within BAOF [20, 39] . However, in the anodizing process of PAOF, the electronic current can not be ignored, which results in the oxygen evolution, because of the anion incorporation and the thickened anion contaminated layer (ACL) that exists near the electrolyte as shown in figure 2(b) [20, 34] . The ACL layer typically is loose and porous and thus does not contribute to field effects [9, 33] . Until the barrier oxide grows to the critical thickness, the electronic current rises to a sufficient magnitude and the electronic current is enough to lead to oxygen evolution [20, 39] . The oxygen bubble behaves as a mould leading to the formation of a pore embryo, as shown in figure 2 (b) [20, 39] . Then the newly-formed barrier oxide embraces the OBM due to the 'plastic flow', meanwhile, the 'plastic flow' of barrier oxide around the OBM becomes the main growing manner of the pore walls [20, 33, 39] . Many special nanostructures of porous anodic alumina and ATNTs have been clarified by the 'plastic flow' around the OBM rather than by the 'FAD' [33, [37] [38] [39] [46] [47] [48] . The detailed explanation of the mould effects may be referred in the published works [20, [33] [34] [35] [36] [37] [38] [39] 49] . Garcia-Vergara et al [49] indicated that the oxygen gas formed bubbles within the film, with pressures of several hundred MPa. The bubbles impeded ionic migration and affected the distribution of stress in the anodic film, which was critical to the pore formation [49] . As a result, the gas bubble behaves as a mould and grows upward with the barrier oxide growing. Two mould effects are presented. One is to exert a high pressure on the barrier oxide, causing a hemispherical indentation at the barrier oxide/Ti interface due to the plasticity of the anodic titania and high pressure of the oxygen bubbles, which is the precursor of the columnar pore as shown in figure 2(b) [33] . The other is to change the migration path of O 2− and Ti 4+ , and induce the oxide flow around the gas bubble. Furthermore, gas bubbles are an obstacle to ionic migration [44] . The 'plastic flow' of growing oxide is mainly ascribed to the presence of gas bubbles. If there were no gas bubbles within the original barrier film (figure 2(b)), it would be difficult to account for the original generation of 'plastic flow' from the pore base to the pore wall, and the barrier oxide should have thicken according to the growing manner of BAOF (figure 2(a)). Here we focus on the theoretical derivation of the ionic current and electronic current.
It is known that the E/O interface and O/M interface exist in the anodizing process as shown in figure 2(a). New barrier oxide can be formed at both the E/O and the O/M interfaces. With high electric fields across the barrier oxide, metal cations Ti 4+ migrate to the E/O interface while O 2− ions migrate to the O/M interface. The simultaneous growth of new oxide contributes to the increase of the thickness of the barrier oxide and leads to the decrease of electric field [9, 12, 20, 42] .
In 2012, Yang et al [36] have studied the theoretical derivation of the ionic and electronic currents. Here a new theoretical derivation has been proposed which differs from Yang's in the following aspects. (1) The formula derived by Yang et al was based on the growth rate of the barrier oxide which is linearly proportional to the j ion [36] . Whereas we accept that the j ion decreases exponentially with thickness [9, 12, [25] [26] [27] . (2) [36] . Comparatively, the barrier oxide is split into two parts and studied separately in our research for the reason that the growth rate is relatively different due to the different diffusion rates of Ti 4+ and O 2−
. (3) The fitted results of two works are considerably different. Yang et al considered that the ionic current decreases exponentially with time [36] , while in fact the ionic current decreases exponentially with the thickness and time in a more complicated way in the derived results of our research. (4) In order to improve the fitted effect, a constant term (C ion ) and a proportionality coefficient (η) were added to the formula proposed by Yang et al [36] , but it is difficult to explain the meanings of these correctional parameters clearly. In contrast, the formula that we deduced does not need extra correctional parameters, but it achieves greater and more consistent fitted results. (5) The thickness of the barrier oxide can not be obtained by Yang's fitted formula [36] , while the fitted function that we give contains the thickness of barrier oxide. All of the above are the differences between Yang's work and this study, and we also describe the derivation process in this paper.
Equations (1) and (2) show the relationship between the ionic current density j ion and electronic current density j e with oxide thickness. Hence, the relation between the total anodizing current density j and time can be obtained if we find the relation between thickness (l) and anodizing time (t) and then substitute it into the two formulae above (total anodizing current density j ≈ j ion + j e ).
We define that dl/dt (units: nm s −1 ) is the growth rate of barrier oxide, which is the partial derivation of thickness (l) with respect to time (t). M (units: nm s −1 ) is the highest growth rate of barrier oxide, corresponding to the initial stage of anodization. It is well known that the growth rate of the barrier oxide, which has the highest (M) at the beginning, decreases with the growing thickness l (units: nm) of barrier oxide and the growth rate becomes zero at a critical thickness l c . At the critical thickness, the electronic current rises [20] , oxygen gas starts to be generated at the interface of ACL/ barrier oxide and the pores form as shown in figure 2(b) , while the electric field and the ionic current still exist across the barrier oxide, and TiO 2 is still forming at the two interfaces of the barrier oxide, because the ACL layer does not contribute to field effects [9, 33] . The newly-formed TiO 2 flows around the oxygen bubble as shown in figure 2(b) , and hence the critical thickness of barrier oxide remains constant with the help of the OBM [33, 34] , therefore the growth rate becomes zero at the critical thickness l c , meanwhile the barrier oxide is still forming at pore bottom. The whole asformed TiO 2 contributes to the pore walls via the upward 'plastic flow' manner. Thus, according to the real situation, a differential equation about the relationship of the growth rate (dl/dt) and thickness (l) is established by applying the method of mathematical modeling:
where M(U), the highest growth rate of barrier oxide, is related to applied voltage. And − τ 1 is an added coefficient, which denotes the decrease extent of growth rate with the increase of thickness. Its minus sign is added for the positive value of τ. τ s ( ) is a physical quantity of time. In order to analyze the formation mechanism of barrier oxide in detail, the barrier oxide is split into two parts (part l 1 and part l 2 ). Part l 1 is the barrier oxide formed on the E/O interface, and part l 2 is the barrier oxide formed on the O/M interface as shown in figure 2(a) . Take part l 1 as an example, the growth rate of barrier oxide suits the differential equation:
where M 1 (U) is the highest growth rate of barrier oxide in part l 1 , which is a function of the anodizing voltage.
The integral below is computed for equation (4):
where, when t = 0, the thickness l = 0. And the thickness (l 1 ) of barrier oxide at any time (t) is:
In spite of the fact that the TiO 2 is still forming at the point of critical thickness, the critical thickness of the barrier oxide maintains a constant value, because oxygen bubbles with high pressure block the barrier oxide thickening [20, 33, 39] . In other words, the growth rate of barrier oxide decreases to zero at point of the critical thickness l c1 . There is the following equation:
where, l c1 is also related to applied voltage because M is a constant dependent on the applied voltage. Through the mathematical analysis of equations (4) and (7), the highest growth rate doubles the average growth rate. Thus, the following equation was set up: where, T 1 is the time when the barrier oxide in part l 1 reaches the critical thickness, l c1 /T 1 is the average growth rate. When comparing equation (8) with (7), we can easily obtain:
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From equations (6), (7) and (9), the thickness of barrier oxide in part l 1 is gained:
The same procedure can be adapted to obtain the relation between the thickness (l 2 ) and time (t):
where, T 2 is the time when barrier oxide in part l 2 reaches the critical thickness.
At the E/O interface the diffusing Ti 4+ reacts with excessive O 2− . Therefore, the growth rate of part l 1 (dl 1 /dt) depends on the diffusion rate of Ti 4+ through the barrier oxide as shown in figure 2(a) From the equations (10) and (11), the total thickness (l) can be obtained as follows:
Equation (12) gives an expression of the functional relationship between the thickness (l) of barrier oxide and the anodizing time (t). Where the critical thickness l c1 and l c2 are related to the applied voltage. The time when the barrier oxide reaches the critical thickness can be obtained from the following formula: T = T 1 + T 2 , which can be demonstrated by the fitted result in the following section. The relationship between the thickness and the time is figured out, followed by the relationship between ionic/electronic current and time.
Equation (12) turns into equations (1) and (2), the functional expressions of j ion and j e are: From equations (13) and (14), the total anodizing current density is given: In this paper, all the current densities have units of mA cm −2 , the constant of A has units of mA cm −2 , the time has units of second (s), the thickness has units of nm, the constant of B has units of V −1 , the voltage has units of V, the constant of θ has units of nm −1 . Equation (15) reflects the functional relationship of total the anodizing current densitytime under constant voltage (U). This function includes two parts; one is the functional relationship between the ionic current and time, and the other one is the functional relationship between the electronic current and time. The ionic current decreases but electronic current increases, imposing influence on the total anodizing current.
Curve fitted according to the derivation results and comparison with measured curves
According to equation (15) , the measured curve of the anodizing current-time is fitted in the anodizing process under constant voltage. Subsequently, the curves of ionic current density j ion -time and electronic current density j e -time can be separated from that of total anodizing current density j-time, which has rarely been put into practice quantitatively in previous works, and to a certain extent highlights this research. For example, the fitted results are shown in figure 3(a) . 
where, based on the functional expression of equation (16), the functional expressions of ionic current density and electronic current density are given: 
Here, the schematic graph of theoretically derived ionic/ electronic current density-time curve is drafted according to equations (17) and (18), as shown in figure 3(b) .
In 1963, Hoar and Yahalom [50] qualitatively separated the total anodizing current into two parts, the 'oxide growing current' and the 'pore forming current'. The oxide growing current decreases exponentially with the thickness of the barrier oxide, whereas the pore forming current increases exponentially with the thickness of the barrier oxide [50] . To our surprise, the 'oxide growing current' is similar to ionic current and the 'pore forming current' is similar to electronic current as shown in figure 3(b) . In 2010, as Al-Abdullah et al [51] also reported the similar curves, if the current-time curve of BAOF was deducted from the current-time curve of PAOF, another curve can be obtained, which is very similar to the electronic current density-time curve in figure 3(b) . In order to sufficiently understand the growth kinetics of the PAOF, it is extremely important to differentiate the pore forming current and the oxide growing current [50] . Here, we provide an effective way to distinguish the 'pore forming current' and the 'oxide growing current'. By comparing the oxide growing current and the pore forming current proposed by Hoar and Yahalom [50] , we conclude that the ionic current is the oxide growing current, and the electronic current is the pore forming current.
It is usually desirable to estimate the thickness of the barrier oxide at the pore bottom. Here, another interesting result obtained from these rigorous derivations was that the thickness of the barrier oxide can be estimated in a quantitative level. The thickness of the barrier oxide at the pore bottom can be obtained according to equation (16) Next, the functional diagram of the thickness of the barrier oxide changing with time is given so as to help to intuitively understand the tendency of the thickness change, which is shown in figure 4(a) . Here, the critical thickness of the barrier oxide can be directly obtained from equation (19) : l c = l c1 + l c2 = 51.14 + 52.06 = 103.2 (nm). Figure 4(b) shows the FESEM image of ATNTs. The thickness of pore (nanotube) wall is approximately 1.2 times as thick as that of barrier oxide, which may be ascribed to the oxide volume expansion [33, 43, 44] . Above all, the interesting results demonstrate that the nanotube walls originate from the 'plastic flow' of the barrier oxide layer. Besides, according to equation (16) , we can also obtain the time when the part l 1 and part l 2 reach the critical thickness, T = T 1 + T 2 = 41.69 s. Figure 3 (a) also shows that the measured curve bends upwards at about 40 s, which demonstrates that T is the time when barrier oxide reaches the critical thickness. One challenge in this field, the unclear relationship between film morphologies and current transient [13, 23] , can be overcome by the above theoretical formula.
In order to simplify the fitting process without influencing the fitting effect, an approximate formula, l 1 = l 2 = l/2, is applied. The equation (15) is simplified to: A classical current density-time curve of BAOF is fitted by equation (20) as shown in figure 5 .
As shown in figure 5 , the fitted curve almost coincides with measured curve, which suggests that the formula derived also suits BAOF. The fitted functional expression is given by: where, j e remains 5.6256 × 10 −17 ≈ 0 at any time in the anodizing process except the initial stage. Namely, in the anodizing process of the classical BAOF, the vast majority of total anodizing current is basically ionic current while the electronic current can be ignored. Diggle et al [12] have concluded the same qualitative conclusion. Consequently, equation (20) is the general formula of current-time in both BAOF and PAOF anodizing process under constant voltage. This result demonstrates quantitatively that the growing manner of PAOF is in accordance with that of BAOF, and the differences between the two types of films are the magnitude of the electronic current [20, 33, 36, 39] . Following that by applying the method of separating the total anodizing current into ionic current and electronic current, the variation situations of ionic current and electronic current are analyzed under different parameters (temperature, voltage) for the first time. 
When the temperature is 20°C, the expression of the total anodizing current density is: 
When the temperature is 30°C, the expression of the total anodizing current density is: 
When the temperature is 40°C, the expression of the total anodizing current density is: When the barrier oxide reaches the critical thickness, the total anodizing current remains stable value. These results indicate that the j ion and j e , both increase with the rising temperature as shown in table 1. Furthermore, temperature has a larger effect on electronic current than ionic current.
With the total current density in accordance with the abscissa, the ordinate is nanotube length to construct a growth curve for analysis as shown in figure 7(g) , which cannot obtain a good linear relationship. Nevertheless, it shows a good relation with nanotube length when the total current density is replaced by ionic current density, which is shown in figure 7(h) .
Furthermore, the foils of Ti were anodized in the same electrolyte at 20°C under different constant voltages of 40, 50, 60 and 70 V, respectively (Group 3 in section 2). The FESEM images are shown in figure 8 . And similarly, the anodizing current-time curves were fitted according to the proposed model. They were also separated into j ion -time curves and j etime curves. The results are shown in figures 9(a)-(f) .
When the applied voltage is 40 V, the expression of the total anodizing current density is:
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These results indicate that the stable value of j ion and j e both increase with the rising voltage as shown in table 1. Likewise, the relationship between nanotube length and total current density was shown in figure 9(g), which cannot also obtain a good linear relationship. Nevertheless, it shows a linear relationship with nanotube length when the total current density is replaced by ionic current density, which is shown in figure 9(h) . Furthermore, the slope in figure 7(h) is approximately equal to the slope in figure 9(h) . Thus, we draw the conclusion that the ionic current contributes to the growth of nanotubes. The comparison between j ion and j e at anodizing time of 500 s under various temperatures (figure 7) and different voltages ( figure 9 ) is shown in table 1.
Let us return to the original question, the unexplainable porous morphologies, as shown in figure 1. table 1 shows that the electronic current rises fast with increasing temperature under a constant voltage. There are plenty of circular pores on the surface in figure 1(b) , because the large electronic current density (1.633 mA cm −2 ) results in more oxygen evolution.
Numerous oxygen gas bursts through the surface ACL, and hence the chemical dissolution process (TiO 2 + 6F
is enhanced at the local region due to the release of large amount of gas, the plane surface and circular pores can be easily observed in figure 1(b) . On the contrary, at the low temperature, the electronic current is small, and the oxygen evolution is not enough to burst the ACL, the chemical dissolution process is depressed at low temperature. Accordingly, the loose and porous ACL still remains on the surface layer as shown in figure 1(a) . But the porous ACL does not influence the electrolyte flowing into the bottom of the nanotube, so the barrier oxide keeps growing at the bottom of the nanotube. Thus, the differences between the surface morphologies of two samples are explained by the different magnitudes of the electronic current. Likewise, the ionic current contributes to the growth of nanotubes, which can explain the difference between nanotube lengths.
Another research that has great practical significance is that the coefficient A of the exponential relationship (j ion = A exp(BE)) can be figured out according to equation (20) . And the comparison on the coefficient A under various temperatures and voltages is shown in table 2. The value of A obviously increases with the rising temperature, which confirms the statement that A is a temperature dependent constant [12, 25-27, 52, 53] . Nevertheless, under the influence of anodizing voltage, the value of A shows slight variation. Moreover, it is reported that A ranges from 1 × 10 −18 to 3 × 10 4 A cm −2 in a recent review [52] . Here, our research significantly narrows the range of A (from 0.001 418 to 0.1219 mA cm −2 ) under the studied conditions. Of course, the coefficient A must be affected by many parameters (temperature, voltage, electrolyte concentration, anode area, etc), and the exact values of A can only be obtained under a steadystate experimental condition. In this paper, two exactly modified theoretical expressions can provide unique insights into the inherent relations between the structural features and anodizing parameters.
Conclusions
The present work deduces the functional relationship of total anodizing current-time under constant voltage and separates the total anodizing current into ionic current and electronic current. In addition, the reasonability and reliability of the theoretical derivation have been demonstrated to be useful in the experimental and theoretical aspects, such as the critical thickness of barrier oxide, the time it costs when reaching the critical thickness and the coefficient of A in the classical formula (j ion = Aexp(BE)), etc. Thereby we conclude that the fitted curves deduced theoretically all show an excellent accordance with the measured curves. On one hand, by comparing the anodizing currents under different temperatures and voltages, it is found that both values of j ion and j e increase with the rising temperature or voltage, which explains the difference of surface morphology. On the other hand, the coefficient A of the exponential relationship can be figured out, meanwhile the range of A has been significantly narrowed. Above all, it is the first time that the influences of temperature and voltage on ionic current and electronic current have been clarified on the quantitative level rather than the existing qualitative level. The present results can provide unique insights into the growth kinetics of many porous anodic oxides. 
